Transfer, commonly used to measure the distances between fluorophore molecules and to study interactions between fluorescent-tagged proteins in life sciences, can also be applied in nanocommunication networks to transfer information bits. The mechanism offers a relatively large throughput and very small delays, but at the same time the channel bit error rate is too high and the transmission ranges are too limited for communication purposes. In this paper, multiple donors at the transmitter side and multiple acceptors at the receiver side are considered to decrease the bit error rate. As nanoantennas, the DyLight fluorescent dyes, which are very well suited to long range nanocommunication due to their large Förster distances and high degrees of labeling, are proposed. The reported results of the recent laboratory experiments confirm efficient communication on distances over 10 nm. 
I. INTRODUCTION
HE current development of nanomachines and nanorobots and organizing them into systems is stimulated by incredible applications promised by them in industrial manufacturing, biology and, especially, medicine. The progress in the latter field may be revolutionized with swarms of tiny robots employed in targeted drug delivery, in vivo imaging and diagnostics, tissues regeneration and engineering [1, 2] . The future success of nanomachine systems depends, however, on overcoming two challenges: the first one is fabrication of nanodevices with proper precision, lifetime and efficiency [3] . The second challenge, being the subject of this paper, is the efficient communication between the nanorobots: they obviously need to signal their actions and communicate with each other.
would be quite hard for them to approach each other and communicate on distances of only few nanometers.
In particular, the contribution of this paper can be summarized as follows: 1. We propose DyLight dyes as efficient candidates for nanoantennas in MIMO-FRET based nanocommunication. 2. We construct four different nanonetworks based on DyLight dyes and perform the first nanocommunication experiments with this fluorescent family. 3 . We obtain results showing a 50% increase of communication range comparing with previously reported experiments [13] . 4 . Additionally, we calculate and present bit error rate curves for the chosen MIMO-FRET channels based on DyLight dyes.
The rest of the paper contains the following sections. In Section II, the principles of FRET theory are introduced together with its extension to the case of multiple donors and multiple acceptors. In Section III, a description is given of nanonetworks built on antibodies and DyLight dyes. Section IV contains the laboratory methodology. The results of the experiments and the calculations are given in Section V. Finally, in Section VI, conclusions and future directions of study on the topic of FRET-based nanonetworks are outlined.
II. FRET WITH MULTIPLE DONORS AND ACCEPTORS
If we look at the FRET process from a communications point of view we can think of donors and acceptors as transmit and receive antennas, respectively. Consequently, the FRET pair can be considered a wireless communication system. The probability of the energy transfer is described as FRET efficiency and is given by [14] (
In (1), r is the donor-acceptor separation, while R 0 , called Förster distance, is the donor-acceptor separation where E=50%. This separation is specific for each donor-acceptor pair and can be measured experimentally (usually 3-8 nm). In general, the Förster distance depends on the overlap between the donor emission and acceptor absorption spectra as well as on the quantum yield of the donor. The larger the R 0 , the better the match of donor and acceptor spectra and the more efficient the FRET process. Förster distances are usually larger when the dyes' spectra are located in higher wavelengths, but this is not a rule, as it depends on the spectra shapes [14] . If the excitation energy is not transferred via FRET, it can be also emitted as a photon or dissipated. These two last phenomena should be interpreted as channel losses increasing the error rate.
The FRET phenomenon is well known in life sciences and is commonly used to measure distances between fluorophores (organic molecules whose emission spectra cover the range of visible light) or to study interactions between fluorescenttagged proteins. However, it can also be applied to nanocommunications. Let's imagine a molecular structure performing the function of a molecular transmitter. Let's have a donor molecule attached to it, as a molecular transmit antenna. On the other side, there could be another structure: a molecular receiver with an acceptor attached (a molecular receive antenna). Now, information can be sent from the Tx to the Rx side via the FRET channel. This can be simply achieved by exciting the donor when bit '1' is to be sent and by keeping the donor in the ground state when transmitting bit '0'. The FRET delay is relatively small, in the order of nanoseconds. If FRET was efficient in 100% of cases, the associated data throughput (calculated as the inverse of the delay) could then be as high as tens or even hundreds of Mbit/s. However, FRET efficiency is only 50% for the donor and acceptor separated by R 0 and it decreases with the sixth power of that distance. This results in quite a high channel bit error rate (BER): transmitting '0' is always successful, but transmitting '1' is erroneous with the probability of 1-E. Thus the FRET channel BER is equal to:
Consequently, in order to obtain BER=0.1%, which is a common value in telecommunication standards, the donoracceptor separation should not exceed 0.355R 0 . This result limits the efficiency of FRET-based nanocommunication to distances below 3.5 nm.
FRET efficiency can be increased, if there is not one but more acceptor molecules in the vicinity of the donor [15] . When an excited donor is surrounded by m equally distant acceptors, the probability that the excitation energy is transferred via FRET to one of the acceptors is given by [14] :
This means that having a molecular receiver with multiple acceptor molecules (Rx antennas) can greatly increase FRET efficiency and decrease the channel BER, which is then equal to: 
Furthermore, we can also use molecular transmitters with multiple donors. If there are n donor molecules, we can excite them all when bit '1' is to be transmitted. Then, (again, assuming they are equidistant from the acceptors) the probability that at least one of them transfers its excitation energy to an acceptor is much higher. Let us assume the FRET events for all the donors are independent of each other, which is reasonable, as the FRET efficiency does not depend on the fact if there are other excited molecules nearby [14] . Now, the probability that none of the donors transfers its energy to any of the acceptors can be expressed as the n-th power of such a probability for a single donor:
Thus, the probability that at least one donor succeeds in transferring its excitation energy to an acceptor is equal to: 
Consequently, the bit error rate of such a FRET communication channel is much lower than in the basic case (with a single donor and a single acceptor) and can be calculated as: 
The number of donors/acceptors attached to a molecular structure is a parameter called the degree of labeling (DoL) and it is a parameter not easy to control, as will be further discussed in the following sections. In the area of communications, this reminds the known idea of MIMO (multiple-input multiple-output) channels [16, 17] . Therefore, we will henceforth use the term: MIMO-FRET channels.
III. BUILDING NANONETWORKS WITH DYLIGHT DYES
The absorption and emission spectra of the DyLight fluorescent dye family series cover much of the visible light and extend into the infrared region (the spectra maxima range from 350 nm to 794 nm), allowing the dyes detection using most types of fluorescence and confocal microscopes, as well as infrared imaging systems. In comparison with other fluorescent dye families (Alexa Fluor, CyDye, LI-COR), the main advantages of the DyLight group are as follows [18, 19] : (a) absorption and emission spectra of a similar shape (resulting in large Förster distances), (b) high photostability and brightness, (c) low pH-sensitivity, (d) high dye-to-protein (degree of labeling) ratio in water solutions to be achieved without precipitation of conjugates. The most relevant measurements on FRET between DyLight dyes reported in the open literature are, until now, focused on describing spectral properties of DyLight fluorophores [19] and using FRET, also with multiple acceptors, in disease diagnostics [20] .
For the purpose of studying the signal transfer via FRET between DyLight dyes, we built special molecular structures based on antibodies, i.e. proteins with the ability to recognize and bind other molecules (Fig. 2) . When thinking about future applications in nanocommunication, antibodies can be treated as nanomachines and DyLight dyes as nanoantennas attached to them. They may diffuse in a cellular membrane and perform some tasks, e.g. looking for antigens. When two antibodies are close to each other, the communication process may occur. In our case, in order to perform FRET measurements the chosen antibodies were bound to a molecular skeleton consisting of DNA and histone proteins in the nuclei of fixed HeLa cells (Fig. 2) . It should be emphasized that our choice of building the network of antibodies in cells was solely technical, i.e. driven by fact that the nuclei contain a well-known and easily accessible scaffold for binding of antibodies. We investigated 4 different scenarios: for each of them, we had a molecular structure built of antibodies. In each scenario, two of the antibodies were labeled with multiple DyLight dyes: donors on one side and acceptors on the other side, creating a MIMO-FRET communication channel. In order to obtain good communication efficiency and low BER for long transmission ranges the FRET dyes pairs should fulfill the following criteria: (a) the donor emission spectra and acceptor absorption spectra should match each other well, resulting in high values of Förster distances and (b) the degree of labeling of the dyes used should be as high as possible. Thus, we finally chose two pairs:
• DyLight 549 dyes as donors and DyLight 594 as acceptors, donor-acceptor R 0 = 5.62 nm, • DyLight 594 as donors and DyLight 649 as acceptors, donor-acceptor R 0 = 8.16 nm.
All the dyes were supplied by Jackson ImmunoResearch Laboratories, Inc. Their numbers, 549, 594 and 649, indicate the main wavelengths of their absorption spectra given in nanometers. Each pair was additionally tested in two spatial configurations, with slightly different donor-acceptor distances and connections of antibodies, resulting in 4 scenarios in total, see Fig. 2 . It allowed us to observe the distance-dependent effects, the influence of the choice of antibodies and the variability of possible lifetimes (especially in the scenario C). All the experiments were performed on fixed and permeabilized cells, in order to allow the antibodies to easily enter the nucleus and guarantee that all chemical reactions in the cells were stopped and did not affect the measurements. The details of the construction of the molecular structures were as follows. The first element of the structure was always a histone H1 bound to a DNA molecule. Next, one or two linker antibodies were attached to the histone H1. Then, an antibody labeled with donor DyLight dyes was bound to the linker ones. Finally, the last antibody labeled with acceptor dyes was attached directly to the one labeled with donors (scenario B and D) or to the linker antibodies (scenarios A and C), as shown in Fig. 2 . Each antibody was a molecule of Immunoglobulin G, being like a 3-element airscrew in shape [21] with a radius of about 7 nm. In the labeling process, it is not possible to choose exact positions of the dyes on the antibodies; the donors and acceptors (DyLights 549, 594 and 649) can be attached to the respective antibodies on their whole length 1 . Still, we have constructed the antibodies chains in a way to have relatively large distances between the donors and acceptors (on average 9 nm in scenario A and 12-13 nm in scenarios B-D). On the basis of the known antibody geometries [21] , we can assess the separations between the antibodies where the dyes were attached (see Table I ). These separations are the average ones.
Due to the distribution of the dyes on the surface of antibodies, the real donor-acceptor distances may vary from these estimated values by a few nanometers. Moreover, we cannot exclude a slight rotation or bending of the antibodies, what can change the final donor-acceptor distances by an additional 1 nm. As the FRET probability decreases with the sixth power of this distance, we expect that FRET happens mainly between the donors and acceptors which are closest to each other in the moment of the excitation of the donor. It is another reason why the high DoL values are so important for effective FRET-based nanocommunication.
According to the information provided by Jackson ImmunoResearch Laboratories, the average degrees of labeling for the dyes are: These DoL values are not always integer numbers, which means there are two possibilities of how many dyes are attached to an antibody (e.g. 5 or 6, 6 or 7) and the resulting DoL is the weighted mean of two numbers.
IV. LABORATORY METHODOLOGY

A. Cell culture
In order to allow their growth, HeLa cells were maintained in Dulbecco's Modified Eagle Medium (containing all necessary nutrients) supplemented with 10% fetal bovine serum at 37ºC and 5% CO 2 . 24-48h before the experiment, the cells were seeded on 18mm microscope slides. Before immunolabeling, the cells were fixed in 4% formaldehyde, permeabilized in 0.1% Triton X-100 and then blocked in 3% bovine serum albumin (BSA). The fixed cells were incubated with the primary antibody for 1h in 3% BSA at room temperature, washed three times in phosphate-buffered saline (PBS) and then incubated overnight at 4ºC with an appropriate secondary (donor dye labeled) antibody. After performing lifetime measurements of the structures with antibodies labeled with the donor dye only, incubation with another antibody (acceptor dye labeled) was performed at the microscope stage in order to establish the required geometrical configuration of the dyes.
B. FLIM measurements
FRET efficiency values cannot be measured directly. Instead, two techniques are mainly used. The first one takes advantage of the fact that fluorescence intensity of the donor should be decreased in the presence of an acceptor. However, accurate fluorescence intensity measurements are often impeded by spectral bleed-through and photobleaching of the dyes. The second technique is based on the measurements of fluorescence lifetimes of fluorophores. Fluorescence lifetime, described as the average time a fluorophore spends in the 2 These DoL are quite high comparing with typical values reported in fluorescence spectroscopy experiments. We have chosen these fluorophores also because of their high possible DoL, as this factor determines the FRET efficiency. The DyLight dyes with lower DoL could also be used here, but, according to (5) and (6), the communication channel would have poorer characteristics.
excited state before emitting a photon, is less influenced by photobleaching and thus allows to measure FRET more accurately. Because the lifetime of a donor should be shortened in the presence of an acceptor, two measurements are required: one before and one after the addition of the acceptor. Then, the FRET efficiency can be calculated according to the following formula [14] : 
where τ no-acceptors and τ with-acceptors are the measured lifetimes of the donor in the absence and presence of an acceptor, respectively. In our experiments, to measure fluorescence lifetimes of the DyLight dyes we used a Leica TCS SP5 II SMD confocal microscope (Leica Microsystems GmbH) integrated with FCS/FLIM TCSPC module from PicoQuant GmbH (Fig. 3) . The FLIM (Fluorescence Lifetime Imaging Microscopy) module integrated with a confocal microscope permits to record microscope images that contain information about fluorescence intensity and lifetime in every pixel of the image. In all measurements, the FLIM image was captured at 256x256 pixel resolution and at a speed of 200 lines/s. The acquisition time for each image was set to 1 minute with a laser repetition rate of 40 MHz. The laser power was set to achieve a photon counting rate of 200-300 kCounts/s. In order to measure FRET efficiency between DyLight dyes, two lifetime images were collected for each scenario, one before and one after the incubation with an acceptor-labeled antibody. Both DyLight 549 (donors in scenarios A and B) and DyLight 594 (donors in scenarios C and D) were excited with 470 nm laser line and the emission was collected with 500-560 and 607-683 nm band-pass filters, respectively. Three images of approximately 50x50 um were collected for each pair, with 4-6 cells visible in this region. For the purposes of the analysis, only the nuclei of the cells were selected in order to exclude any signal resulting from non-specific binding of the antibodies. The collected data was analyzed using SymPhoTime II software (PicoQuant GmbH), excluding the expected instrument response function time range (tail-fitting method). The DyLight 549 and DyLight 594 lifetime decays were fitted with a two-exponential function: 
The goodness-of-fit was estimated based on the weighted residuals and the chi squared value.
C. Image acquisition
Steady-state (containing information about fluorescence intensity only) images of the cells were obtained using a Leica TCS SP5 II SMD confocal microscope equipped with a 63x NA 1.4 oil immersion lens. All images were captured at a 512x512 pixel resolution, with a scanning speed of 200 lines/s and with 2 frames averaged. DyLight 549 was excited with a 488 nm laser line from an argon laser, while its emission was collected in a photo-multiplier tube (PMT) at 560-580 nm. DyLight 594 was excited with a 594 laser line from a HeNe laser and its emission collected at 600-620 nm. In analogy to FLIM measurements, two images were collected for each spatial configuration: one before and one after incubation with the donor-labeled antibody. The equal laser power and detector gain were used for each pair of the dyes.
V. EXPERIMENT RESULTS
Finally, for each of the scenarios A, B, C and D, we performed the FLIM measurements for 13-17 nuclei of HeLa cells. Every nucleus was analyzed separately. We estimated that there were at least 3⋅10 6 constructed molecular structures (a DNA molecule with a histone H1, antibodies labeled with donor and acceptor dyes) with MIMO-FRET channels in every nucleus. For each nucleus, we measured the fluorescence lifetimes of the acceptor molecules without and in the presence of the donors (see Table II ). The sets of data together with fitting curves for all 4 scenarios are plotted in Figure 4 . These are the examples for the chosen nuclei. The lifetimes may vary from one nucleus to another, as they are influenced by the environment of the fluorophore (the density of molecules not participating in the FRET process, like other proteins and DNA) [23] . The lifetimes for the cases without and with the donors are, however, usually proportional, what means that the FRET efficiency, calculated with equation (8), is stable. The average FRET efficiencies are given in Table  III .
Knowing the laser repetition rate (40 MHz) and the achieved photon counting rate (200-300 kCounts/s), and bearing in mind that the measured FRET efficiencies did not exceed 50% (see the results below), we clearly see that we had only isolated donor dyes excited (or no excitation at all) per laser pulse. As each HeLa nucleus contained millions of donor dyes, it was not possible to excite all the donor dyes simultaneously and validate the full MIMO-FRET Fig. 3 . Schematic representation of the Laser Scanning Microscope integrated with a FLIM module. The experiment begins when the sample (HeLa cells) is excited with a pulsed laser (470 nm) controlled by a laser driver. This unit allows us to control the laser power output and its repetition rate. Upon excitation, the sample emits fluorescence photons which are detected by SPAD detectors. In order to determine the exact time between the excitation pulse and the arrival of the first photon at the detector, a TCSPC module connected to a computer receives information from the detectors, laser driver and laser scanner. In steady-state measurements (image acquisition without information about fluorescence lifetimes), the sample is excited with a continuous wave laser, the signal is detected in PMT detectors and the resulting image is viewed on a LSM computer. transmission scheme. Instead, we measure the MIMO (1,m) case, i.e. with a single donor excited and multiple acceptors being able to receive the FRET energy. The measured FRET efficiencies together with confidence intervals for all 4 scenarios are shown in Table III . For each FRET efficiency, we also give the respective BER values, calculated as:
. At the same time, the FRET phenomenon was observed in microscope images as a decrease in donor fluorescence intensity after adding the acceptor dyes, see Fig 5. The measurement results can be verified by FRET theory. Assuming the average donor-acceptor separation equal to the distance between the respective antibodies (see Table I ) and putting it together with the known R 0 into the equation (3), we can calculate theoretical values of E (1,m) . The calculations must be performed twice, as we do not know the exact number of acceptors: in scenario A we had 6 or 7 acceptors (DoL = 6.4), in scenarios B-D we had 5 or 6 acceptors (DoL = 5.2 and 5.5). Hence, we obtain a theoretical range for E (1,m) : it is given in the last row of Table III. The measurement results match the theoretical ones quite well, except in scenario C. In all scenarios, the real donoracceptor separations may vary, as we have no control regarding exact positions of the DyLight dyes. Furthermore, the antibodies chain shape depends on the axial (0-180 deg) and segmental flexibility (0-180 deg); additionally the switch peptide (elbow) also increases the flexibility of the antibody Fab region (0-50 deg) [24] , which may influence the donoracceptor separation. In scenario C, we assumed the labeled antibodies bound the linker antibody in the best way from the energetic point of view, which meant the distance between the labeled antibodies was maximal. However, in practice, they may bind closer to each other; thus the donor-acceptor separation is smaller than predicted in Table III . As the FRET efficiency is inversely proportional to the sixth power of this separation, these effects cause higher than expected FRET efficiency.
The experiments were performed for relatively long distances between the Tx and Rx sides, i.e. with the donoracceptor separations significantly exceeding their Förster distances. Thus, as we can see from Table III , even with a large number of acceptor molecules, it was not possible to obtain FRET efficiency higher than 50%. Also the respective bit error rates (30-50%) are highly non satisfactory for telecommunication purposes. A solution for this (other than exciting the donor multiple times per bit, what however decreases the corresponding data throughput [25] ) might lie in exploiting full MIMO communication, i.e. to excite all the donor dyes simultaneously. It might be realized with a very strong external laser impulse or using the energy of a local chemical reaction, in this latter case it is called Bioluminescence Resonance Energy Transfer. The receiver decodes the bit as '1' if any of acceptors is excited, i.e. if at least one donor transfers its excitation energy to at least one acceptor. If no acceptors are excited, the bit is decoded as '0'. For the proper data transmission, it is crucial to correctly choose the rate (frequency) of sending bits. Obviously, from the telecommunication point of view the higher rate the better, but the FRET and fluorescence delays are going to put the limits here. As documented in Table II and Fig. 4 , with average fluorescence lifetimes of about 1-2 ns, almost all excited molecules will go back to the ground state after 15-20 ns. Since we do not know the exact FRET rate between fluorophores in our experiments, we have to assume that the energy transfer can occur in any time between a few to about 20 ns, i.e. as long as we observe photons after a single laser pulse. Additionally, we should take into account the relaxation time of the acceptor molecule. When the acceptor is excited, it cannot receive another signal from the donor 3 . Thus, the acceptor should first pass the signal via another FRET to other molecules or emit a photon. It adds another 20 ns to the total delay of the signal transfer. Consequently, in this case the transmission rate should not exceed 1 bit per 40 ns, i.e. 25 Mbit/s. Moreover, as discussed earlier, the fluorophore excitation lifetimes may additionally vary because of the influence of neighboring molecules, what should be also taken into account when setting the transmission bit rate. The probability that at least one of many donors transfers its excitation energy to at least one acceptor is much higher than having a single donor only, as explained in Section II. We can calculate FRET efficiency and BER for (n,m) case, comparing equations (3) with (6) and (4) with (7):
and:
(12) Consequently, on the basis of the measured values of E (1,m) , we can predict the performance of the full (n,m) MIMO-FRET channels. The results of those are given in Table IV . For scenarios C and D we have some ranges, as the number of donor dyes varies. It is worth noting that bit error rates at the level of 2-4% are easily achievable, even for a distance of 13 nm. The exception is the scenario B, where, however, the distance between the donor and acceptor sides is more than twice the length of the respective Förster distance.
In order to give the reader an even broader view as to what bit error rates can be achieved in MIMO-FRET channels, we also provide full BER curves for dye pairs being the subject of our experiments (549-594, 594-649), as well as for a few other DyLight dyes, well suited to nanocommunication. The curves are presented in Figure 6 ; the respective Förster distances and the numbers of donors/acceptors are also given. As we can see, using multiple acceptors increases the range where FRETbased communication can be used effectively. If we assume the required BER level to be 0.1%, the transmission range is about 35% longer in channels (1,6) compared to (1, 1) . Full MIMO communication is, however, even more efficient: in channels (6, 6) , the transmission range is 3.5 times longer than in channels (1,1). As a rule of thumb, it is worth remembering that for each donor-acceptor pair, the % 1 . 0 BER < can be achieved at a distance equal to R 0 , if a FRET channel (4, 4) or larger is used (see Eq. (7)).
As FRET transmissions are so strictly limited in their range (E decreases with the sixth power of the distance), the ability to create multi-hop connections is critical when thinking about future nanonetworks. Fluorophores have their emission spectra shifted a little towards the higher wavelengths compared to their respective absorption spectra [14] , thus it is generally quite difficult to send a signal via FRET among identical fluorophores (there are some exceptions, see homo-FRET [14] ). Instead, chains of spectrally matched molecules can be created. From Fig. 6 , we see that a 6-element DyLight chain: 405→488→549→594→649→680 may effectively transfer a signal over a distance of several dozen nanometers (assuming each hop is equal to R 0 , see the rule of thumb above). Such chains may be built not only with DyLight molecules, but also with GFP and its derivatives, Alexa Fluor, CyDye, LI-COR dyes, etc. The main drawbacks of FRET-based nanocommunication lie in its high bit error rate and short transmission ranges. While the former issue can be solved using multiple donors and acceptors, the latter requires a careful design of FRET communication channels, especially by choosing for transmitter and receiver antennas the pairs of fluorescent dyes characterized by large Förster distances and high degrees of labeling. In this paper, we have proposed to use a fluorescent family of DyLight dyes which fits very well the abovementioned criteria. We have constructed 4 different nanonetworks based on Immunoglobulin G antibodies and DyLight dyes and experimentally validated the communication efficiency between their nodes. The experiments confirm successful communication over the distances of 12-13 nm, which is a 50% increase comparing with the results previously reported in the literature. Higher ranges can be reached via multi-hop connections making use of fluorophore chains.
While these research results are very promising, many questions still remain. Importantly, we do not know how future nanomachines will communicate with their nanoantennas (the fluorophore molecules) and send signals to them. One option is Bioluminescence Resonance Energy Transfer (BRET), where a nanomachine may induce a chemical reaction generating energy that excites donors. In order to fully exploit MIMO-FRET communication, all donors should be excited simultaneously, which, however, may not be straightforward to achieve.
The experimentally measured FRET efficiencies are in reasonably good agreement with theoretical values, but more exact assessments could be made if the distances between the fluorophores were controlled with higher precision. These could be obtained with the aid of molecular biology and genetic engineering techniques using polymers [26] . Polymers are chains of biological molecules composed of many repeated sub-units; the length of one polymer can easily reach 1000 nm, whereas a single element can be 1 nm or less. In living organisms we can find a few types of polymers: proteins (e.g. actin filaments, microtubules), polysaccharides (e.g. starch) and nucleic acids (DNA and RNA). If sub-units of a polymer were tagged with fluorescent molecules, the distances between these fluorophores could be determined with high precision: about 1 nm or better. Additionally, a polymer molecule can be composed of a main chain with one or more side chains or branches, which may be an interesting scenario considering possible research on signal routing for FRET-based nanocommunication.
